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Abstract

The transcription factor Glioma-Associated Oncogene Homolog 1 (GLI1) is activated by sonic
hedgehog (SHH) cascade and is an established driver of pancreatic ductal adenocarcinoma
(PDAC). However, therapies targeting upstream hedgehog signaling have shown little to no
efficacy in clinical trials. Here, we identify Mixed Lineage Kinase 3 (MLK3) as a druggable
regulator of oncogenic GLI1. Earlier, we reported that MLK3 phosphorylated a peptidyl-prolyl
isomerase PIN1 on the S138 site, and the PIN1-pS138 translocated to the nucleus. In this report,
we identify GLI1 as one of the targets of PIN1-pS138 and demonstrate that PIN1-pS138 is
upregulated in human PDAC and strongly associates with the upregulation of GLI11 and MLK3
expression. Moreover, we also identified two new phosphorylation sites on GLI1, T394, and
$1089, which are directly phosphorylated by MLKS3 to promote GLI1 nuclear translocation,
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transcriptional activity, and cell proliferation. Additionally, pharmacological inhibition of MLK3
by CEP-1347 promoted apoptosis in PDAC cell lines, reduced tumor burden, extended survival,
and reduced GLI1 expression in the Pdx1-Cre x LSL-KRASG12D x | SL-TP53R172H (KPC) mouse
model of PDAC. These findings collectively suggest that MLK3 is an important regulator of
oncogenic GLI1 and that therapies targeting MLK3 warrant consideration in the management of
PDAC patients.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) has a dismal 5-year survival rate of less than 9%
[1]. As most patients present to the clinic with advanced disease, many are not eligible for
surgical intervention, and most are refractory to standard of care chemotherapy. As the
underlying pathobiology of pancreatic cancer is becoming more apparent, several molecular
targets have been proposed to extend survival and reduce disease-associated morbidity [2]. It
is well established that the majority of PDAC tumors harbor mutant KRAS and loss of
function mutation in tumor-suppressor, p53, yet both of these proteins are ‘undruggable’ [3,
4]. The dismal PDAC patients’ survival highlights the urgency to understand the molecular
mechanisms of the disease better and find new druggable targets for clinical management.

To this end, Mixed Lineage Kinase 3 (MLK3) has been proposed as a key regulator of
several intersecting MAPK cascades with numerous roles in carcinogenesis [5, 6]. MLK3
has previously been shown to phosphorylate B-RAF directly and is required for ERK-
mediated cell proliferation [7, 8], as well as p38 [9] and JNK [10] activation. Beyond the
canonical role for MLK3 in MAPK pathway regulation, we have previously demonstrated
that in breast cancer, MLK3 directs the activity of Peptidyl-prolyl cis-trans isomerase PIN1
via phosphorylation at S138 [11]. The interaction between MLK3 and PIN1 is important for
breast cancer development, driving the cell cycle by promoting cyclin D1 stability and
centrosome amplification [11]. Importantly, we also observed that the phosphomimetic PIN1
mutant (PIN1-S138E) was exclusively localized in the nucleus [11]. The protein PIN1 is
reported to be overexpressed in almost all cancer; however, its detailed underlying signaling
mechanism and cellular targets in cancer are not fully understood [12, 13].

In the present study, GLI1 was identified as a target of phosphorylated PIN1 (i.e., PIN1-
S138E) in a non-malignant breast cancer cell line. GLI1 is a classical target of hedgehog
signaling, and its activation is required for KRAS-induced tumorigenesis [14] and is
particularly pertinent to tumor-associated fibrosis/desmoplasia and chemoresistance in
PDAC [15]. GLI1 has been considered a drug target primarily in PDAC [16] and
glioblastoma [17, 18], and therefore we planned to define the biology of the MLK3-PIN1-
GLI1 axis in PDAC.

Our results established that MLK3-induced phosphorylated PIN1 not only increased the
GL /1 transcripts; moreover, the GLI1 was also directly phosphorylated by MLK3 to increase
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its nuclear translocation and transcriptional activity. The protein stability of phosphorylated
GLI1 was relatively higher than phosphodeficient protein, and phosphorylated GLI1
increased the proliferation of pancreatic cancer cell lines. The expressions of p-PIN1 and
GLI1 were decreased in the pancreatic tumors of the PDAC mouse model (i.e., KPC) upon
treatment with a MLK3 inhibitor, CEP-1347. The desmoplastic content and ductal cell
proliferation in mouse pancreatic tissues were similarly reduced, and there was significant
cell death in the pancreatic ductal cells by CEP-1347. Moreover, the CEP-1347 significantly
extended the survival and loss of lean body mass in the animals. These data suggest that the
MLK3/PIN1/GLI1 axis could be an important driver of the neoplastic phenotype in PDAC
and that agents targeting MLK3, such as CEP-1347, warrants consideration in the
management of pancreatic cancer patients.

2. Materials and Methods
2.1 RTZ Profiler array.

For RTZ Profiler Array, the cell lines expressing either pPEGF-PIN1-S138A or pEGF-PIN1-
S138E were sorted via FACS sorting on EGFP expression (UIC, RRC Core facility). RNA
was isolated/quantified as described previously [19, 20], and a Human Breast Cancer
Pathway RTZ Profiler™ PCR Array (PAHS-131Z, Qiagen) was purchased and used per
manufacturer specification. The fold changes of gene expression, scatterplot, and heat-map
were analyzed by using RT2 PCR array data analysis web portal version 3.5 (http:/
pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php). Genes with >2-fold change were
considered significant and validated by gPCR.

2.2 Kinase assay.

Approximately 5 ug of recombinant GST-GLI1 proteins were incubated with recombinant
MLK3 enzyme (E.M.D. Millipore) and kinase assay was carried out following our published
report [10, 21, 22].

2.3 Mouse model of PDAC and treatment.

The Pdx1-Cre x LSL-KRASC12D.Tp53R172H (KPC) mice were generated as described
previously [23]. At 3 months of age, randomly selected animals (N=7/group) were
administered daily intraperitoneal injections of either saline (vehicle) or 1.5 mg/kg
CEP-1347. The CEP-1347 solution was always made fresh from a stock solution (4 mg/ml
in DMSO), supplemented with 35% of PEG-400 (Sigma-Aldrich). After 7 weeks on either
vehicle or CEP-1347, animals were sacrificed and tissues were evaluated. All animal
procedures were approved by the UIC-IACUC.

2.4 Study approval.

All experiments involving the use of mice were performed following protocols approved by
the UIC-IACUC. The de-identified patient slides and information were obtained from the
UIC Pathology Core, following IRB approval.
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2.5 Statistical analyses.

Unless otherwise indicated, all the experiments presented in the manuscript were repeated at
least three times with a minimum of three replicates. A paired two-tail student t-test was
used for the comparison between two groups. One-way ANOVA followed by Bonferroni
multiple comparison test was done for the multivariate groups using the GraphPad Prism
(\Version 5.03) software. The significant differences were indicated by *p<0.05, **p<0.001,
and ***p=<0.0001.

3. Results

3.1 MLK3 Phosphorylates PIN1 to Increase GLI1 Expression.

Previously we have demonstrated that one of the primary roles of MLK3 in breast cancer is
to direct isomerase activity of PIN1 via phosphorylation, where phosphorylated PIN1 was
primarily localized in the nucleus [11]. To identify the targets of phosphorylated-PIN1, we
first utilized a non-malignant MCF10A cell line, expressing either a PIN1-S138A variant
mimicking a lack of MLK3-induced phosphorylation, or a PIN1-S138E variant mimicking
constitutive phosphorylation by MLK3. We performed an RT? profiler array comparing
alterations in known oncogenic pathways and found about 13 folds higher GL/Z mRNA
expression in cells expressing PIN1-S138E, compared to PIN1-S138A expressing cells
(Supplementary Fig. 1A and B). The GL/I mRNA expression was further validated by
gPCR and observed similar 13 folds increase in presence of the PIN1-S138E
(phosphomimetic) variant when compared to the PIN1-S138A (phosphodeficient) variant
(Supplementary Fig. 1C). The hedgehog-GLI11 pathway has primarily been reported as a
drug target in PDAC [13] and glioblastoma [14, 15], and therefore we next assessed whether
PINL1 is similarly phosphorylated at S138 in human PDAC tumors, using antibody raised
against PIN1-pS138 site (Supplementary Fig. 1D). We stained patient-derived adjacent
normal and PDAC tissues by immunohistochemistry. PIN1-pS138 stained almost exclusively
to the neoplastic epithelium and was nearly undetectable in normal tissues (Fig. 1A). The
PIN1-pS138 staining was scored and plotted (Fig. 1B). We next determined the levels of p-
PIN1 expression in a non-malignant cell line, HPNE, as well as PDAC cancer cell lines
PANC-1 and MIA PaCa-2, and AsPC-1. Consistent with data from cancer patients, PDAC
cell lines also displayed increased level of p-PIN1 compared to the non-malignant cell line,
HPNE (Supplementary Fig. 1E). We next transfected HPNE, PANC-1, and MIA PaCa-2 cell
lines either with PIN1-S138A or PIN1-S138E and assessed changes in GL/I mMRNA
expression. As observed in breast cancer cells, we also found that all cell lines expressing
PIN1-S138E displayed significant upregulation in GL/Z mRNA when compared to PIN1-
S138A expressing cells (Figs. 1C-E). To determine the role of MLK3 in PIN1
phosphorylation and its impact on GLI1 gene expression/signaling, we transfected PANC-1
cells with expression vectors for either GLI1 or PIN1, or both together. Besides, we also
treated cells transfected with MLK3 and PIN1 together with a pharmacological inhibitor of
either PIN1, ATRA (All-Trans-Retinoic Acid) or MLK3 inhibitor, CEP-1347. We then
performed a GLI1-luciferase assay using the 8XGLI1 luciferase promoter reporter.
Consistent with our previous observations, concomitant overexpression of PIN1 increased
GLI1-luciferase expression, which was significantly enhanced upon MLK3 co-expression,
and both the inhibitors were able to significantly block the GL/1’stranscriptional activity
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(Supplementary Figs. 1F-G). To further corroborate that the MLK3-PIN1 axis is necessary
for transcriptional activation of GLI1, the murine embryonic fibroblasts (MEFs) derived
from PIN1 knockout (PIN177) and PIN1 sufficient (WT) were co-transfected with MLK3
and 8XGLI1 reporter. Interestingly, the significant increased GLI1 transcriptional activation
seen in WT MEFs was completely blunted in PIN1~/~ MEFs (Fig. 1F). Moreover, the GLI1
transcriptional activity was restored in PIN17~ MEFs by PIN1-S138E but not by PIN1-
S138A expression vectors (Fig. 1F). To determine that transcriptional activation observed in
reporter assay is truly translated into increased expression of GLI1 target genes, qPCR was
done with mRNA isolated from PANC-1 stable cell lines, expressing either PIN1-WT or -
S138A, or -S138E. The transcripts of two well-known GLI1 targets genes, SUFU, and
PTCH1 [24] were significantly increased in the stable cell line, expressing PIN1-S138E,
compared to either PIN1-WT or -S138A (Figs. 1G and H). Next, we wanted to know how
MLK3-induced phosphorylation of PIN1 increases GL/1 transcripts. Earlier, we published
that MLK3 acts as a potent activator of JNK [10, 25], and activated JNK is known to
phosphorylate transcription factors, FOS and JUN, to form AP-1-complex that finally
regulates the transcription of target genes [26]. The FOS and JUN phosphorylated by JNK
are not transcriptionally competent. It is reported that enzymatically active PIN1 isomerizes
phosphorylated FOS and JUN to form a stable and transcriptionally competent AP-1
complex [27]. We analyzed the promoter of GLI1 to know whether it contains any AP-1
binding site(s). The promoter analysis identified two putative AP-1 binding sites on the
GLI1 promoter (Supplementary Table 1). Therefore to know any contribution of AP-1
activation via MLK3/JNK-PIN1 axis in the upregulation of GLI1 transcripts, we utilized
stable PANC-1 cell lines, expressing either PIN1-WT or -S138A, or -S138E proteins. These
cell lines were treated either with vehicle or AP-1 inhibitor, T5224 [28] and estimated the
GLI1 transcript by qPCR. The GLI1 transcripts were reduced by AP-1 inhibitor, even in
PANC-1 cells expressing PIN1-S18E (Fig. 11). We also analyzed the promoters of GLI1
target genes, SuFu, Ptchl, and Cyclin D1. The promoters of all these genes contain more
than one AP-1 binding site (Supplementary Table 1), suggesting that GLI1 target genes
could also be regulated similarly to GLI1 transcripts. The qPCR data shows that all these
GLI1 target genes are similarly regulated via AP-1 activation (Supplementary Figs. 1H-J).
These results suggest that phosphorylation of PIN1 by MLK3 is crucial to regulate GLI1
gene expression perhaps via stabilizing AP-1 complex.

3.2 The MLK3 and PIN1 are Upregulated in Human PDAC and Positively Associates with
GLI1 Expression.

While MLK3 and PIN1 appear to direct GLI1 expression, we next sought to determine
whether these events are recapitulated in human pancreatic cancer. We first mined the
established Logsdon datasets (Oncomine) and found that PDAC samples have significantly
increased MLKS3 transcripts compared to non-malignant (normal) tissues (Fig. 2A). To
validate the Logsdon datasets, we examined the protein expression of MLK3 in primary
PDAC and adjacent normal tissues by immunohistochemistry. The human PDAC tissues
displayed significant upregulation of MLK3 protein expression compared to adjacent normal
tissue (Figs. 2B and C). Using human pancreatic cancer tissues, we next evaluated the
expression of the MLK3 transcript (Fig. 2D) as well as that of its downstream target PIN1
(Fig. 2E), both of which were found to be strongly upregulated in PDAC tissues. We then
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evaluated patient samples for GLI1 expression, which was also upregulated in tumor tissue
(Fig. 2F). Interestingly, patients with high MLKS3 expression (above the mean) had
significantly more PIN1 expression (Fig. 2G) when compared to patients with low MLK3
expression (below the mean). Similarly, patients with high PIN1 expression had significantly
higher GLI1 expression compared to those with low PIN1 expression (Fig. 2H). These data
collectively suggest that in human PDAC tissues as well, there is a direct correlation among
MLKS3, PIN1, and GLI1 expressions.

3.3 MLK3 Phosphorylates GLI1 at T394 and S1089 Sites.

MLKS3 is a functional Ser/Thr kinase, and therefore first, we determined any possible
functional interaction between MLK3 and GLI1. The endogenous MLK3 from PANC-1
cells was immunoprecipitated and blotted with GLI1 antibody. The MLK3
immunoprecipitation was able to bring down GLI1, which was slightly shifted compared to
GLI1 in cell extract (Fig. 3A). The reverse immunoprecipitation of endogenous GLI1 was
also able to bring down MLK3 (Supplementary Fig. 2A). To further understand the
importance of phosphorylation-dependent interaction between GLI1 and MLK3, the cell
extract from PANC-1 was immunoprecipitated with pSer/pThr antibody and blotted with
GLI1 and MLK3 antibodies, respectively. Again, the pSer/pThr antibody was able to bring
down both GLI1 and MLK3 together from PANC-1 cells (Fig. 3B). Interestingly the protein
bands of both GLI1 and MLK3 were shifted to higher molecular weight, suggesting that
phosphorylated GLI1 and MLK3 interact with each other (Fig. 3B), perhaps transiently. To
further understand the relationship between MLK3 and GLI1, we performed /n vitro kinase
assay using five bacterially expressed GST-tagged GLI1 protein fragments (Fig. 3C) and
recombinant MLK3 (rMLK3) enzyme. Our results demonstrated that MLK3 phosphorylates
GLI1, primarily the D2 fragment (AA 331-445) and somewhat to D4 and D5 GLI1
fragments (Figs. 3D and E and Supplementary Fig. 2B). We subsequently repeated this
experiment using non-radiolabeled ATP and evaluated all five GST-tagged GLI1 fragments
by phosphomass spectrometry, and identified T394 (on D2 fragment) and S1089 (on D5
fragment) as being phosphorylated by MLK3 (Supplementary Figs. 2C and D). To confirm
that identified /n vitro phosphorylation sites are indeed targeted by MLK3, we created
phosphodeficient GLI1-D2 and -D5 expression vectors and expressed in bacteria and made
purified proteins. Using these mutant (T394A and S1089A) proteins, we next performed an
in vitro kinase assay. The phosphorylation of both T394A and S1089A mutant proteins by
rMLK3 enzyme was significantly reduced, suggesting that these two sites on GLI1 could be
targeted by MLK3 (Figs. 3F-1). To further confirm that these two p-sites are also targeted by
MLKS3 in cells, the Myc-tagged mammalian vectors, expressing either wild type (WT) or
T394A or S1089A were transfected in HEK-293 cells with the MLK3 expression vector.
These cells were radio-labeled with p32-orthophosphate, and GLI11 proteins were pulldown
with magnetic beads, coated with anti-Myc antibody. The results clearly show that WT
protein is significantly phosphorylated in the presence of MLK3, and phosphorylation of
phosphodeficient proteins is less than WT protein (Fig. 3J). Interestingly, the
phosphorylation of T394A protein was least, suggesting that this could be the major MLK3
p-site in GLI1 (Fig. 3J). To understand the significance of MLK3-induced phosphorylation
on GLI1 protein, we determined the stability of WT, phosphodeficient (AA), and
phosphomimetic (EE) GLI1 proteins by cycloheximide chase assay [29, 30]. There was
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rapid time-dependent degradation of phosphodeficient (AA), compared to phosphomimetic
(EE), or WT GLI1 proteins (Fig. 3K and Supplementary Fig. 3A). To know whether MLK3-
induced phosphorylation of GLI1 increases its transcriptional activity towards target genes,
we transiently transfected PANC-1 cells either with WT or AA or EE GLI1 expression
vectors and the expressions of GLI1 target genes, SUFU and PTCHI were determined by
gPCR. The expressions of both SUFU and PTCHI mRNAs were comparatively higher in
PANC-1 cells expressing GLI1 EE than GLI1 AA expression vectors (Supplementary Figs.
3B and C). The expression of SUFU protein was also least in GLI1 AA expressing cells than
cells either expressing WT or GLI1 EE proteins (Supplementary Fig. 3D); however, the
interaction between SUFU and GLI1 EE proteins was least compared to either WT or GLI1
AA (Supplementary Fig. 3E).

3.4 MLK3-induced GLI1 Phosphorylation Promotes Pancreatic Cancer Cell Proliferation.

To determine the physiologic relevance of MLK3-induced GLI1 phosphorylation, we first
transfected PANC-1 cells with Myc-tagged plasmids expressing, either wild type GLI1
(GLI1-WT), or phosphodeficient GLI1 expression vectors [T394A (TA) or S1089A (SA) or
T394A, S1089A (AA)] or phosphomimetic GLI1 expression vectors [T394E (TE) or
S1089E (SE) or T394E, S1089E (EE)]. We next assessed GLI1 expression and localization
72 h post-transfection via immunofluorescence for the Myc-tag GLI1 WT or its variants.
While GLI1-WT had a diffuse pattern of expression, GLI1 -TA or -SA were primarily in the
cytoplasm, whereas GLI1-AA was expressed at comparatively lower levels and found almost
exclusively in the cytoplasm. The phosphomimetic GLI1 -TE or -SE were localized in the
cytoplasm and slightly in the nuclei; however, GLI1-EE was more strongly expressed and
localized in the nuclei compared to the cytoplasm (Figs. 4A and B). Since GLI1 mutant and
WT proteins were differentially localized and their transcriptional activities also appeared to
be different, therefore we transfected HEK-293 cells with WT or GLI1 phospho-mimetic or
phospho-deficient mutant expression vectors to examine their relative expression.
Interestingly, the expression of GLI1-EE mutant was the highest, and its phospho-deficient
mutant GLI1-AA or GLI1-TA was least (Supplementary Fig. 3F). We, therefore, repeated
these transfections and performed a GLI1 luciferase assay using the SUFU promoter (i.e.
8XGLI reporter) as a known transcriptional target of GLI1 [31]. Conceivably, GLI1-WT
increased the luciferase activity, while phosphodeficient mutants, either GL11-T394A (TA)
or -S1089A (SA), had reduced activity (Fig. 4C). Moreover, there was a significantly
reduced activity in GLI1-T394A, S1089A (AA) compared to GLI1-WT cells (Fig. 4C).
Interestingly, while GLI1-T394E (TE) and GLI1-S1089E (SE) single phosphomimetic
variants had reduced luciferase activity, the combined GLI1-EE variant had significantly
increased activity when compared to the GLI1-AA or any of the phosphodeficient variants
(Fig. 4C). To further demonstrate that the transcriptional activity of GLI1 is regulated via
MLK3-induced phosphorylation of newly identified p-sites on GLI1, we repeated the
luciferase assay, this time expressing GLI1-T394A (TA), -S1089A (SA) and -T394A,
S1089A (AA) along with MLK3. Consistent with our previous data, the addition of MLK3
potentiated the transcriptional activity of GLI1-WT; however, the addition of MLKS3 failed
to enhance the transcriptional activity of GLI1-T394A, whereas GLI1-S1089A had a similar
effect like GLI1-WT without MLK3 (Fig. 4D). Interestingly, the transcriptional activity of
GLI1-AA was least, even in the presence of MLK3 (Fig. 4D). To understand the physiologic
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significance of MLK3-induced GLI1 phosphorylation, we transfected PANC-1 cells with
WT, AA, and EE variants of GLI1 and determined cell proliferation and cell cycle
progression. While there was a small observable differences in G1 phase between cells
expressing AA and EE GLI1 (Fig. 4E), however, GLI1-EE alone significantly increased
PANC-1 cell proliferation (i.e., S phase), compared to cells expressing GLI1-AA (Fig. 4E).
Moreover, there was no difference between AA and EE expressing cells in the G2-M phase
(Fig. 4E). Since there was a non-significant difference between GLI1-AA and -EE
expressing cells in the G2-M cell cycle transition, therefore, to better understand the impact
of MLK3-induced Glil phosphorylation on cell proliferation, we repeated the transfection
experiment and determined cell proliferation by direct counting the cell numbers. While the
addition of GLI1-WT alone had no significant observable effect on cell numbers, however,
phosphomimetic versions of GLI1 -EE, -TE, and -SE significantly enhanced PANC-1 cell
proliferation, yet failed to do so in the presence of GLI1-AA (Fig. 4F).

3.5 The Pharmacological Inhibitor of MLK3, CEP-1347, Downregulates GLI1 and its
Downstream Targets and Induces Cell Death.

Given the role of the MLK3-PIN1-GLI1 axis in promoting cell proliferation and p-PIN1
upregulating the expression of GLI1 (Fig. 1), we next determined the efficacy of the
pharmacological inhibitor of MLK3, CEP-1347, in downregulating protein expression of
GLI1 and its downstream targets. Indeed, CEP-1347 was able to downregulate GLI1 protein
in PDAC cell lines in a time-dependent manner (Figs. 5A and B) and also the GLI1
downstream target proteins, Sonic Hedgehog (SHH) and Suppressor of Fused (SUFU) (Fig.
5C). Since GLI1 and its target proteins were reduced by CEP-1347 and therefore, we
examined the effect of CEP-1347 on pancreatic cancer cell death. The PDAC cell lines,
PANC-1, MIA PaCa-2, and AsPC-1, were either treated with vehicle (DMSO) or 500 nM of
the CEP-1347, and apoptosis was determined by Annexin V-PI staining. The incubation of
PDAC cell lines for 48 h with CEP-1347 promoted significant apoptosis (Figs. 5D-F),
suggesting that MLK3 may be a viable target in PDAC.

3.6 CEP-1347 Reduces Pancreatic Tumor Burden and Extends Survival in vivo.

To assess the therapeutic relevance of CEP-1347 in vivo, we first generated cohorts of Pdx1-
Cre x LSL-KRASG12D x |_SL-TP53R172H (KPC) mice. These animals develop extensive
PanIN disease and pancreatic adenocarcinoma, providing a reliable and consistent
recapitulation of aggressive human PDAC [23]. Consistent with previous reports [23],
saline-treated KPC mice developed invasive carcinoma of the pancreas characterized by a
dense tumor stroma (Figs. 6A and G). These animals had high mortality with a mean
survival time of 141 days (Fig. 6B), and poor weight gain (Supplementary Fig. 4A) of 1.6 ¢
(8.5%) from the start of injections. Consistent with a reduced tumor burden, CEP-1347-
treated mice displayed an overall reduced lesion grade as well as fewer cancerized ducts per
high power field (Fig. 6A). This was accompanied by an increased mean survival time of
186 days (Fig. 6B), as well as a significant reduction in cachexia with a mean weight gain of
6.86g (33%) from the start of treatment (Supplementary Fig. 4A). The effective inhibition of
MLKS3 was determined by evaluating the activity of known MLK3 downstream target,
pJNK, which had little to no staining in CEP-1347-treated mice (Supplementary Fig. 4B-C).
Similarly, CEP-1347-treated mice also had reduced p-PIN1 expression (Figs. 6A and C), as
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well as that of GLI1, particularly in the nuclei of tumor tissues (Figs. 6A and D). Since
CEP-1347 targets MLK3 and reduced GLI1 protein expression in KPC mouse pancreatic
tissues; therefore we determined the effect of CEP-1347 on MLK3 and GLI1 transcripts in
KPC mouse pancreatic tissues, treated with either saline or CEP-1347. The mRNA
expressions of MLK3 and GLI1 were significantly reduced upon CEP-1347 treatment
(Supplementary Fig. 4D-E). CEP-1347 treatment additionally led to a reduced proliferation
in neoplastic tissues, determined by dual staining for CK19/PCNA (Figs. 6A and E, and
Supplementary Fig. 5A) and Ki67 (Figs. 6A and F). Tissues were next evaluated by
Masson’s trichrome staining, which indicated a substantial reduction in the tumor stroma of
CEP-1347-treated mice (Figs. 6G and H and Supplementary Fig. 5). Similar results were
observed using immunohistochemistry for Vimentin, a mesenchymal marker that localizes
predominantly to the tumor stroma, as well as Collagen 1Al (Figs. 6G and I-J, and
Supplementary Figs. 5C and D). To determine whether these changes were accompanied by
an increase in apoptosis as seen /n vitro, we next stained the section with activated/Cleaved
Caspase-3, which localized to the neoplastic tissues of CEP-1347-treated animals (Figs. 6G
and K). These results clearly suggest that MLKS inhibitor, is capable of reducing PDAC
tumor burden perhaps through MLK3-PIN1-GLI1 axis.

4. Discussion

Recent evidence has identified members of the MLK family as being highly relevant to the
incidence and progression of several cell processes, including inflammation, metabolism,
and a variety of pathologies [32]. The inhibition of MLK proteins by CEP-1347 has already
shown early efficacy in neurodegenerative disease [3], and MLK family proteins are how
emerging as a novel and druggable oncogenes with important roles in human cancer [6, 33,
34]. Despite these observations, the contributions of MLK family proteins in pancreatic
cancer are almost entirely unexplored.

In our previous study, we reported that MLK3 increases the catalytic activity and
downstream signaling of PIN1 via direct phosphorylation at the S138 amino acid residue in
breast cancer [11]. On further analysis, we determined that this site not only directs cell
proliferation in the canonical sense but also is critical for the transcriptional activity of GLI1.
Obviously, then the question comes, how phospho-PIN1 upregulates the expression of GLI1
transcripts. Based on our and published results, it appears that MLK3 might regulate GLI1
transcription indirectly via PIN1 phosphorylation (Fig. 7). We have reported that MLK3
potently activates JINK [10, 25], and JNK is known to phosphorylate transcription factors,
JUN and FOS, to form the AP-1 complex [26]. The FOS or JUN initially phosphorylated by
JNK is reported to be isomerized by catalytically active PIN1 to form a transcriptionally
competent AP-1 complex [35]. Since we observed that the AP-1 binding site is present on
the GLI1 promoter (Supplementary Table 1) and the AP-1 inhibitor blocked the
transcriptional upregulation by constitutive active PIN1-S138E suggests that the MLK3-
JNK-AP-1 pathway is one of the mechanisms by which MLKS3 upregulates GLI1 transcripts
where PIN1 plays an intermediary role (Fig. 7). Alternatively, our data also suggest that
GLI1 protein can also be regulated via post-translational modification via MLK3-induced
direct phosphorylation, leading to GLI1 protein stability (Fig. 3K and 7). The direct
phosphorylation of GLI1 did increase the transcriptional upregulation of the GLI1 target
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genes as GLI1-EE induced its target proteins SuFu and PTCH1 (Supplementary Fig. 3B-C)
and drive the cell cycle (Fig. 4E) and cell proliferation (Fig. 4F).

While GLI1 has prognostic relevance to breast cancer [36], it is more often associated with
pancreatic cancer development [16]. GLI1 is classically an effector of hedgehog signaling.

In this capacity, hedgehog family ligands, i.e., Sonic Hedgehog (SHH) bind the membrane-
bound Patched receptor. This event allows for the liberation of Smoothened and activation of
GLI transcription factors, which have been implicated in several hallmark features of
tumorigenesis [37]. SHH is critical to pancreatic carcinogenesis and cooperates with
oncogenic KRAS to drive tumor development at various points in the disease process [38].
Despite these compelling observations, Smoothened inhibitors have failed to show efficacy
in clinical trials [39]. Interestingly, it has been reported that oncogenic KRAS directly
activates GLI1 via the ERK/MAPK cascade [40]. This offers one likely explanation for the
failure of Smoothened inhibitors, as it is well established that Smoothened is not required for
the regulation of GLI1 in pancreatic neoplasms [41].

Given the low cost and wide availability of pharmacologic inhibitors of MLK3 such as
CEP-1347 and URMC-099 [42, 43], our findings suggest that these agents may impede both
receptor-dependent and receptor-independent modulation of GLI1 in PDAC. Indeed, our
results indicate that through direct phosphorylation as well as transcriptional enhancement
via PIN1, MLK3 is essential for both GLI1 expression and activity in PDAC.
Phosphorylation of PIN1 at S138 by MLK3 increases GLI1 transcription /n vitro. Similarly,
through direct phosphorylation of GLI1, MLKS3 directs GLI1 nuclear translocation/activity
and cell proliferation. Further, these events appear to be neutralized by the MLK3 inhibitor
CEP-1347, which also increased apoptosis in vitro.

We, therefore, administered CEP-1347 to the KPC model of advanced pancreatic cancer,
which significantly extended survival and delayed tumor development. CEP-1347-treated
animals also displayed dramatic reductions in both p-PIN1 and GLI1 expression, as well as
the density of the tumor stroma. A desmoplastic stroma is a main histologic feature of PDAC
and establishes a local environment that facilitates tumor growth and invasion [44]. This
process is dependent on the activation of pancreatic stellate cells by several signaling
pathways, including the SHH/GLI1 axis [39, 45]. Furthermore, tumor cell activation of
GLI1 is also believed to play a role in the emergence of drug resistance [46]. As CEP-1347
reduced both epithelial and mesenchymal expression/nuclear localization of GLI1, MLK3
warrants consideration as a target for therapy to overcome chemoresistance in the clinic.

Additionally, cachexia is one of the main comorbidities associated with pancreatic cancer
that affects nearly 80% of patients [47] and is the cause of death for 1/3rd of pancreatic
cancer patients [48]. Cachexia is diagnosed clinically by a significant weight loss greater/
evidence of sarcopenia, along with reduced food intake and systemic inflammation [47].
Consistent with the reduction in tumor burden, animals administered CEP-1347 maintained
a healthy weight throughout the study with no evidence of wasting. Should these findings
translate to the clinic, in addition to the observed effects on survival and fibrosis, an added
benefit to MLK3-inhibition may be the reduction of tumor-associated cachexia. To
summarize, these results substantiate MLK3 as a critical pancreatic tumor promoter via its
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effects on PIN1 and GLI1. Given the availability of compounds targeting MLK3,
collectively, our results support that such agents warrant consideration in managing PDAC
patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. The transcription factor GLI1 has been implicated in PDAC.
. The MLK3-PIN1 axis regulates GLI1 transcriptional activity.
. The MLKS3 inhibitor, CEP-1347, inhibits GLI1 and reduces the PDAC burden.
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Figure 1. MLK3 phosphorylates PIN1 to increase GLI1 expression.
(A) Human adjacent non-malignant (normal) and pancreatic ductal adenocarcinoma (PDAC)

tissue sections were stained for the level of PIN1-pS138 by immunohistochemistry. (B)
Sections were scored by two investigators, and average values are presented as mean +
SEM. The two groups were compared by the two-tailed Student t-test (N=4/group, *p<0.05).
(C-E) The non-malignant pancreas cell line, HPNE and PDAC cell lines, PANC-1 and MIA
PaCa-2, were transfected either with a non-phosphorylatable PIN1 mutant (S138A) or PIN1
phospho-mimetic mutant (S138E), and GLI1 mRNA expression was determined by qPCR.
Data represent mean + SD, and comparison between PIN1 -S138A and -S138E was
determined by the two-tailed Student t-test (N=3, ***p<0.0001). (F) PIN1 sufficient (WT)
or PIN1 knockout (PIN17/~) MEFs were transfected with an 8XGLI1-Luc reporter vector
along with either MLK3 or control empty vector. For a separate transfection, the PIN17/~
MEFs were complemented with PIN1 -WT or - S138A, or -S138E, and GLI1 transcriptional
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activity was assessed by luciferase assay. Data represent mean + SD by one-way ANOVA,
Bonferroni multiple comparison test (N=4, ***p<0.0001). (G-H) Expressions of SUFU and
PTCHL1 transcript were determined in the PANC-1 cells stably expressing either PIN1-WT
or -S138A, or -S138E by gPCR. I the stable PANC-1 cell lines were treated with vehicle or
AP-1 inhibitor, T5224 (5 uM for 24 hrs.) and expression of GLI1 was determined as in G-H.
Expression levels were normalized with the blasticidin (Bsd) gene present on the lentiviral
expression vector (pLenti6.3/DEST-V5). Data represent mean = SD by one-way ANOVA,
Bonferroni multiple comparison test (N=3, **p<0.001 and ***p<0.0001).
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Figure 2. MLK3/PIN1 axis is upregulated in human PDAC and positively associates with GLI11
expression.

(A) Box plot of MLK3 (i.e., MAP3K11) mRNA expression in normal and pancreatic
adenocarcinoma (PDAC) patient using the Logsdon patient datasets (Oncomine, Thermo
Fisher, Ann Arbor, MI). Both groups were compared with the two-tailed Student t-test
(normal, N=5 and PDAC, N=15, ***p<0.0001). (B) Adjacent Normal and PDAC tumor
tissue were stained for MLK3 expression by immunohistochemistry. (C) Sections were
scored by two investigators, averaged, and values are presented as mean £ SEM., and two
groups were compared by two-tailed Student t-test (N=7/group, *<0.05). (D-F) Non-
malignant (normal) and PDAC tumor tissues were collected, and mRNA expression of
MLKS3, PIN1, and GL/1was determined by gPCR. Data represent mean = SEM, and two
groups were compared by two-tailed Student t-test (normal, N=9 and tumor, N=10, *p<0.05
and **p<0.001). (G-H) Using these relative values of mMRNA expression in PDAC, samples
(N=10) were segregated into MLK3 Low (below the mean) and MLK3High (above the
mean) groups, and Pinl expression levels were compared and presented as mean = SEM
(*p<0.05). Similarly, mRNA values were segregated into /NI Low (below the mean) and
PINI High (above the mean) groups. The GL/1 expression levels were compared and
presented as mean + SEM (*p<0.05). The comparison between Low and High groups was
done by a two-tailed Student t-test (*p<0.05).
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Figure 3. MLK3 associates with GLI1 and phosphorylates at Thr394 and Ser1089.
(A) The endogenous MLK3 protein from PANC-1 cell extracts was immunoprecipitated

(1.P.) and blotted with an anti-GLI1 antibody. GAPDH antibody was used for control IP, and
whole-cell extracts (WCE) were used for input. The membranes were blotted with GLI1 and
MLK3 antibodies, respectively. (B) The cell extract from PANC-1 cells was
immunoprecipitated either with pSer/pThr or anti-GLI11, or anti-GAPDH (control) and cell
extract (30 ug) was used as an input, and membranes were blotted with either GLI1 or
MLK3 antibodies. Phosphorylation-dependent interaction between MLK3 and GLI1 was
performed using the pSer/pThr antibody. (C) Schema detailing the five GLI1 deletion
mutants (i.e., D1-D5) and Full length (FL). (D-E) An /n vitro kinase assay was performed
using bacterially expressed GLI1 deletion mutant (D1-D5) proteins and recombinant MLK3
enzyme, values presented as an arbitrary unit. (F-1) Bacterially expressed wild type GLI1
(WT), GLI1-T394A, or GLI1-S1089A with and without recombinant MLK3 (rMLK3)
enzyme were used in /n vitro kinase assays. Phosphorylation of these GLI1 fragments was
determined by Phosphoimager and presented as an arbitrary unit (g and i). (J) The
confirmation of GLI1 -T394 and -S1089 as the /in vivo targets of MLK3 was determined in
HEK-293 cells after cell labeling with P32-orthophosphate. (K) The stability of indicated
GLI1 protein variants (GLI1 -WT, -AA and -EE) was determined by cycloheximide chase
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assay, followed by western blotting with an anti-Myc antibody for transfected Myc-tagged
GLI1 proteins.

Cancer Lett. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Viswakarma et al.

Page 20

Glit-wT Gli1-TA Gli1-SA Gli1-AA Glil-TE Gli1-SE Glil-EE

i

o
Cont WT TA SA AA TE SE EE Gli1:Cont WT WT TA SA AA
+MLK3

°
°
=
3

=

(2]

3
B
o

N oW B oo
8 8 8
(RLU)

o

NulearGil expression [

Flucrescence Intensityicell (AU)

3
Relative Lucterase Actvly (O
3

Rebtive Luciferas e Activity
(RLY)
o n & 0 o

Qo

i:WT TA SA AA TE SE EE Gl

E Gated on singlets Gated on MycTag  _

ns

g3
g2
e 3
g 8
j"

(gated on Myc Tag)
a B »

J:l

% G2M-phase

(gated on Myc Tag)

Myc Tag+
T 600 275

Y
3

Glit-wT

BrdU-FITC
Y
% G1-phase
(geted on Myc Tag)
%S-phase
3

N
3

8
3
4

3 2

220 2

10 10 0 0

MyC Tag-PE Gil:WT AA EE Gi

o |
Gil: WT AA EE i:WT AA EE

Myc Tag+
I 600 20.7

JU-FI
a
ke
Glit-AA
m
o
J

o
I

0 3
10 10
Myc Tag-PE

ns

Cell court (x10%)

o
1

Myc Tag+
I 600 9.25

Gli1-EE

0-
Glit: Con!rulWT TA SA AA TE SE EE

ok i
10 107

Myc Tag-PE DAPI

Figure 4. MLK3-induced GLI11 phosphorylation promotes its nuclear translocation and cell
proliferation.

(A-B) PANC-1 cells were transfected with either a Myc-tagged- GLI1 wild type vector
(GLI1-WT), or with phospho-deficient mutants [GLI1 -T394A (TA), -S1089A (SA) and -
T394A, S1089A (AA)] or with phospho-mimetic mutants [GLI1 -T394E (TE), -S1089E
(SE) and -T394E, S1089E (EE)]. Seventy-two hours post-transfection, the localization of the
respective GLI1 proteins was determined by immunofluorescence staining using Myc-tag
antibody and DAPI followed by confocal microscopy, Scale bar: 10 pm. The nuclear
expression of GLI1 was enumerated by using Image J software (NIH). The data represents
mean + SEM., by one-way ANOVA, Bonferroni multiple comparison test (N=5 cells,
***n<0.0001). (C) PANC-1 cells were transfected either with GLI1 -WT or phospho-
deficient mutants [GLI1 -T394A (TA), -S1089A (SA), and -T394A, S1089A (AA)], or
phospho-mimetic mutants [GLI1 -T394E (TE), -S1089E (SE), and -T394E, S1089E (EE)].
The relative GLI1 transcriptional activity was assessed after 48 hours post-transfection by
luciferase assay using the 8X-GLI1 promoter construct that contains GLI1 binding sites
from the SUFU promoter. (D) PANC-1 cells were transfected with GLI1 -WT, -TA, -SA, or -
AA along with MLK3, and GLI1 transcriptional activity was measured 48 hours post-
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transfection by luciferase assay using the SUFU promoter. All Luciferase values are
expressed as mean + SD from three independent experiments, and multivariate comparison
was determined by one-way ANOVA, Bonferroni multiple comparison test (***p<0.0001).
(E) PANC-1 cells were transfected either with Myc-tagged GLI1 -WT, -AA, or -EE, and cell
cycle was determined by BrdU incorporation followed by counterstaining with DAPI. The
representative contour plots (left) show Myc-Tag positive cells gated on singlets, and
representative pseudo color plots (center) show cell cycle phases, gated on Myc-Tag positive
cells. The Bar graphs (right) represent the quantification of cell cycle phases. (F) PANC-1
cells were transfected with the indicated GLI1 expression vectors and cell numbers were
counted manually.Data represent mean + SEM. by one-way ANOVA, Bonferroni multiple
comparison test (N=2, *p<0.05 and **p<0.001) ns, non-significant.
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Figure 5. The pharmacological inhibitor of MLK3, CEP-1347, downregulates GLI11, and its
downstream targets and induces cell death.

(A-B) PANC-1 and MIA PaCa-2 cells were treated either with 500 nM of CEP-1347 for 24
or 48 hours or with vehicle (DMSQ), and cell extracts were blotted either with GLI1 or
PIN1 antibodies. (C) These cell extracts (from a and b) were also blotted with GLI1
downstream target antibodies, SHH and SUFU (D-F) The PANC-1 and MIA PaCa-2 and
AsPC-1 cells were treated with 500 nM of CEP-1347 or vehicle control (DMSO) for 24
hours, and apoptosis was assessed with Annexin V-FITC staining. The Pseudo color plots
(left) represent 7AAD vs. Annexin V expression, gated on singlets, and bar graphs (right)
show quantification of total apoptosis. Data are presented as mean = SEM, and two groups
were compared by two-tailed Student t-test (N=2, *p<0.05 and **p<0.001).
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Figure 6. CEP-1347 reduces pancreatic tumor burden and extends survival in vivo.
(A) Pdx1-Cre x LSL-KRASC12D x | S|_-TP53R172H (KPC) mice at 3 months of age were

treated daily either with saline (vehicle) or 1.5 mg/kg CEP-1347 for seven weeks. At the
conclusion of the study, pancreatic tissues from control and treated mice were stained with
H&E or via immunohistochemistry or immunofluorescence for PIN1-pS138, GLI1, or
CK19/PCNA, or Ki67. (B) Kaplan-Meier curve indicating survival for control (saline) and
CEP-1347 treated mice. (C-F) Tissue sections were scored by two investigators and
quantified for the indicated proteins. Average values are presented as mean + SEM, and two
groups were compared by the two-tailed Student t-test (N=3, *p<0.05). (G) Pancreatic
tissues were next stained with either Masson’s trichrome or via immunohistochemistry or
immunofluorescence for Vimentin, COL1AL/E-Cad, or apoptosis surrogate, Cleaved
Caspase-3. (H-K) The stained sections were quantified, and average values are presented as
mean + SEM, and two groups were compared by two-tailed Student t-test (N=3, *p<0.05)
and presented as mean + SEM.
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Figure 7. Schema describing the MLK3-PIN1-GLI1 axis in PDAC.
Once activated, MLK3 directs GLI1 signaling via two distinct pathways. MLK3 is reported

to activate JNK and PIN1 via phosphorylation. The activated JNK is known to enter the
nucleus and phosphorylates AP-1 transcription components, JUN and FOS, which are
transcriptionally incompetent until isomerized by active-PIN1. Once transcriptionally
competent AP-1 complex is formed, it binds with GLI1 promoter and increases GLI1 gene
expression. MLK3 is reported to be in the cytoplasm and also in the nucleus. The nuclear
MLKS3 directly phosphorylates GLI1, supporting its retention in the nucleus, protein
stability, and enhancing cell proliferation. Combined, both pathways cooperate to enhance
pancreatic tumor cell proliferation and survival.
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